Microbial fouling is a serious problem in open recirculating cooling water systems. The bacterial communities that cause it have not been fully understood. In this study, we analyzed the community structure of free-living bacteria and particle-attached bacteria in cooling water, and bacteria in biofilm collected from the wall of the water reservoir in an industrial recirculating cooling water system by construction of a 16S rRNA gene clone library. Based on amplified ribosomal DNA restriction analysis, clones of all three libraries were clustered into 45 operational taxonomic units (OTUs). Thirteen OTUs displaying 91-96% sequence similarity to a type strain might be novel bacterial species. Noted differences in community structure were observed among the three libraries. The relative species richness of the free-living bacteria in cooling water was much lower than that of particle-attached bacteria and bacteria in biofilm. The majority of the free-living bacterial community (99.0%) was Betaproteobacteria. The predominant bacteria in the particle-attached bacterial community were Alphaproteobacteria (20.5%), Betaproteobacteria (27.8%) and Planctomycetes (42.0%), while those in the biofilm bacterial community were Alphaproteobacteria (47.9%), Betaproteobacteria (11.7%), Acidobacteria (13.1%) and Gemmatimonadetes (11.3%). To control microbial fouling in industrial recirculating cooling water systems, additional physiological and ecological studies of these species will be essential.
INTRODUCTION
Open recirculating cooling water systems are used to dispose of surplus heat generated in the processes of power generation as well as in the chemical, petrochemical and petroleum industries. These water systems provide unique environments for microbial growth (Liu et al. , ) . Cooling towers function by transferring heat from recirculated water to the atmosphere, and generally have largevolume water reservoirs open to the atmosphere, within which the temperature is typically maintained between 25 W C and 35 W C (Liu et al. ) . In addition to receiving carbon and nutrients from the atmosphere, many traditional water treatment chemicals such as antiscalants and corrosion inhibitors also provide nutrients for microbial growth (Liu et al. ) . Furthermore, the availability of plentiful surfaces in the evaporative filling materials, water reservoir and cooling water loop supports extensive growth of surface-attached microbial communities (biofilms) (Liu et al. ) . As a result of microbial growth, biofouling is a serious problem in open recirculating cooling water systems, causing equipment damage through microbially induced corrosion and blockage of the pipelines, local clogging of cooling towers and increased heat transfer resistance (Bott ) .
The current standard practice to control microbial growth in recirculating cooling water systems is using chemical biocides. Among them, free chlorine is the most popular and utilized as a primary disinfectant throughout the world (Duda et al. ) . However, biocides that kill planktonic microorganisms may not be fully effective in removing biofilms (Fux et al. ) . Understanding their community composition will help to control microbial growth. Up to now, there are few reports on microbial composition of biofilms in recirculating cooling water systems. Ceyhan & Ozdemir () reported that Pseudomonas, Burkholderia, Aeromonas, Pasteurella, Pantoea, Alcaligenes and Sphingomonas are involved in the exopolysaccharide production in cooling tower biofilms. Using nested polymerase chain reaction (PCR) and denaturing gradient gel electrophoresis, Balamurugan et al. () found that three groups of sulphate-reducing bacteria were present in the cooling water system of a nuclear test reactor. Choi et al. () examined 16S rRNA gene clone library and found that most bacteria in biofilms on condenser tube surfaces in a nuclear power plant were affiliated with Alphaproteobacteria, and only few are affiliated with Planctomycetes and Gammaproteobacteria. MacDonald & Brözel () conducted an in situ hybridization analysis using fluorescently labeled rRNA-targeted oligonucleotide probes and revealed that Betaproteobacteria (ca. 50% of total bacteria) and unidentified large cocci were the predominant bacteria in biofilms in a simulated recirculating cooling water system, whereas Gammaproteobacteria were rare. To more effectively prevent microbial fouling, it is necessary to further investigate microbial composition in both cooling water and biofilms.
Traditional methods for studying microbial diversity require microbial cultures and can only study culturable organisms. Applications of molecular biology such as 16S rRNA gene clone library analysis have overcome the limitations of the culture process and enable analysis of both the culturable and unculturable microorganisms (Dorigo et al. ) . To provide a basis for further control of microbial fouling in the cooling system, the community structure of free-living and particle-attached bacteria in cooling water and bacteria in biofilm collected from the water reservoir of a cooling tower was investigated using 16S rRNA gene clone library analysis.
MATERIALS AND METHODS

Study site and sample collection
The study site was Jiangyin Zhongrun Chemical Factory in Wuxi City of Jiangsu Province (China), which produced phthalic anhydride. The open recirculating cooling water system had a counter-flow cooling tower. The total operating time of this system was approximately 30 months. The quantity of recirculating water in this system was 2,000 m 3 /h, and the holdup volume was 750 m 3 . The chemicals used for water treatment included corrosion inhibitor ZH373HQ, antiscalant HQ506 and biocide SS411HQ produced by Hongqiao Fine Chemical Industry Co. Ltd (Nanjing, China). Cooling water was sampled from the water reservoir using sterilized bottles. Biofilm was collected from the wall of the water reservoir in the sterilized bottles using a sterilized forceps. After transport to the lab in a cooler box within 3 h, the samples were treated immediately. Particle-attached and free-living bacteria were separated by sequential filtration of the cooling water with 2.7 μm pore size glass fiber filter (Whatmann) and 0.2 μm pore size polycarbonate filter (Millipore), respectively. The particles collected on the filter and the biofilm were rinsed with filter-sterilized cooling water. Biofilm, the collected particles with attached bacteria and the Millipore filter with free-living bacteria were stored at À20 W C for DNA extraction.
Construction of 16S rRNA gene clone libraries
The clone libraries of free-living bacteria in cooling water (CFL), particle-attached bacteria in cooling water (CPA) and bacteria in biofilm from the wall of the water reservoir (CBW) were constructed as follows. Before DNA extraction, the collected particles and biofilm were ground with addition of sterilized glass beads of 1 mm diameter under sterile condition, and the Millipore filter was cut into pieces. Bacterial genomic DNA was extracted using the xanthogenate nucleic acid method (Tillett & Neilan ) . The 16S rRNA gene was PCR amplified with bacterial universal primers 27F (5 0 -AGAGTTTGATCMTGGCTCAG-3 0 ) and 1492R (5 0 -TACGGHTACCTTGTTACGACTT-3 0 (Lane ) in a 50 μL reaction system containing 5 μL of 10× PCR buffer (Mg 2þ free), 10 pmol of each primer, 10 nmol of dNTP, 1.5 U Taq DNA polymerase (TaKaRa), 1.5 mM MgCl 2 , 3 μg of bovine serum albumin, and 30 ng of template DNA. PCR amplification was performed on an MJ MINI thermal cycler (Bio-Rad, USA) using an initial denaturation step at 94 W C (3 min), followed by 30 cycles of denaturation at 94 W C (30 s), annealing at 50 W C (45 s) and extension at 72 W C (2 min). A final extension at 72 W C (7 min) and subsequent cooling step at 12 W C completed the reaction. PCR products from triplicate amplifications were pooled, purified by 1.0% agarose gel electrophoresis, extracted using an EZ-10 spin column DNA gel extraction kit (Bio Basic Inc., Canada), and cloned into the pGEM-T cloning vector (Promega), followed by transformation using competent Escherichia coli DH5α.
Amplified ribosomal DNA restriction analysis (ARDRA)
White colonies were selected randomly from the clone library. PCR amplification of the inserts were performed using flanking vector primers T7 (5 0 -TAATACGACTCACTA-TAGG-3 0 ) and SP6 (5 0 -GATTTAGGTGACACTATAG-3 0 ). After digestion with HinfI and Csp6I (Fermentas), the DNA fragments were separated on 2.0% agarose gels. Unique HinfI and Csp6I restriction patterns were defined as operational taxonomic units (OTUs). PCR products of representative clones from each OTU were sent for sequencing to Sangon Biotech (Shanghai).
Sequence analysis
Chimeras were checked and excluded by the CHECK_CHI- 
Nucleotide sequence accession numbers
The 16S rRNA gene sequences retrieved from the clone libraries were deposited in GenBank under accession numbers JQ323104-JQ323148.
RESULTS AND DISCUSSION
The coverage of the three clone libraries (CFL, CPA and CBW) was 99.0, 94.3 and 94.4%, respectively, indicating that each clone library covered most of the bacteria in the sample. Based on restriction analysis, clones of all three clone libraries were clustered into 45 OTUs, which belonged to Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, Planctomycetes, Cyanobac-teria, Acidobacteria, Actinobacteria, Bacteroidetes, Gemmatimonadetes and candidate division OD1 (Table 1 and Supplementary   Table 1 | Affiliations of the representative clones of each OTU in the 16S rRNA gene clone libraries of free-living bacteria (CFL), particle-attached bacteria (CPA) and bacteria in biofilm from the wall of the reservoir (CBW). Uc, uncultured
The number of clones in clone library
Clones (accession number)
The closest bacterial strain in GenBank (accession number) Thirteen OTUs (representative clones DY-4, DY-13, D10, C18, C8, C15, CY-6, CY-9, D7, D13, D2, AY-4 and A10) displayed a sequence similarity of 91-96% to a type strain (Table 1) . Taking into consideration the 16S rRNA gene sequence similarity value of 97% as an accepted criterion for differentiation of bacterial species (Stackebrandt & Goebel ) , the bacterial communities in the recirculating cooling water system might contain some novel bacterial species.
Dominant bacteria shared in all three clone libraries
Betaproteobacteria was dominant in biofilm and in the communities of free-living bacteria and particle-attached bacteria in cooling water (Tables 2 and 3) , similar to a previous analysis of 16S rRNA gene clone library showing that Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria was dominant in bacterial communities from water and biofilm in a simulated drinking water distribution system (Domingo et al. ) . According to the BLAST result, Hydrogenophaga was the sole dominant genus shared among all three clone libraries CFL (23 clones, 11.8% of total clones), CPA (44 clones, 25.0% of total clones) and CBW (14 clones, 6.6% of total clones), and also the sole dominant genus shared between clone libraries CFL and CPA. Hydrogenophaga, a facultatively autotrophic genus, is widely distributed in soil and water environments (Yoon et al. ) .
Difference in bacterial community structure among three clone libraries
The clone library CFL contained 195 clones which were clustered into eight OTUs and had relative species richness of 0.04. The clone library CPA contained 176 clones which were clustered into 26 OTUs and had relative species richness of 0.15. The clone library CBW contained 213 clones which were clustered into 23 OTUs and had relative species richness of 0.11. The results indicate that the relative species richness of the free-living bacteria in cooling water was much lower than that of particle-attached bacteria in cooling water and bacteria in biofilm. A notable difference in bacterial composition on the classification levels of phylum, class and order was observed among the three clone libraries (Tables 2 and 3) . The predominant bacteria were Betaproteobacteria in the clone library CFL, Alphaproteobacteria, Betaproteobacteria and Planctomycetes Gammaproteobacteria
Gemmatimonadetes in the clone library CPA, while those were Alphaproteobacteria, Betaproteobacteria, Acidobacteria and Gemmatimon-adetes in the clone library CBW. Although Betaproteobacteria were predominant in all three clone libraries, their proportion in the clone library CFL (99.0%) was much higher than that of 27.8% in clone library CPA and 11.7% in the clone library CBW (Table 2) . Similarly, the proportion of the predominant Alphaproteobacteria in clone libraries CPA and CBW was also different, which was much lower in the former (20.5%) than that in the latter (47.9%). In addition, the phylogenetic composition of Alphaproteobacteria was different in the two clone libraries (Table 3 ). Clone library CBW contained a higher proportion (71.5%) of Rhodobacterales bacteria than clone library CPA (44.4%). Rhizobiales was present only in clone library CPA, while Sphingomonadales was present only in clone library CBW. Choi et al. () reported that Alphaproteobacteria accounted for 94.7% of the bacteria in biofilms on condenser tube surfaces in a nuclear power plant, based on 16S rRNA gene sequence analysis. In a simulated recirculating cooling-water system, Betaproteobacteria was found to be ca. 50% of total biofilm bacteria by fluorescence in situ hybridization analysis (MacDonald & Brözel ) . These data indicate that Proteobacteria may be predominant in recirculating cooling water systems, but their composition varied in different cooling water systems or in different parts of the cooling water system. Planctomycetes was dominant only in clone library CPA. This phylum is nearly ubiquitous in aquatic habitats, and sediments harbor the most diverse Planctomycetes populations in a eutrophic lake (Steven et al. ) . Acidobacteria were present and dominant only in clone library CBW. An obvious difference in bacterial composition at the classification levels of genera and species was also found among the three clone libraries (Table 1) . One hundred and sixty (90.9%) clones in clone library CFL (representative clone A2) were affiliated with one Comamonadaceae bacterium, while there were only two clones in clone library CPA, and none in clone library CBW. The extremely high proportion of the Comamonadaceae bacterium in clone library CFL indicates that this bacterium adapted to planktonic growth and high selective pressure of the used biocide in cooling water. The sequences related to Polynucleobacter and Limnobacter were found only in clone library CFL. Polynucleobacter is a group of planktonic freshwater bacteria with cosmopolitan and ubiquitous distribution in freshwater habitats (Hahn et al. ) . The sequences related to Rubellimicrobium were found in clone libraries CPA and CBW, but not in clone library CFL. The sequences related to Hyphomicrobium were present only in clone library CPA. Hyphomicrobium spp. are methylotrophic bacteria and have been found in sewage treatment plants (Holm et al. ) . The sequences related to Delftia, Erwinia, Gemmatimonas and Microcella putealis were present only in clone library CBW. Microcella putealis, a Gram-positive alkaliphilic bacterium, has been found in alkaline groundwater (Tiago et al. ) . The sequences related to Rhodobacter were dominant in clone library CBW (41 clones), and present in the clone library CPA (six clones), but absent in clone library CFL. Rhodobacter, a photosynthetic bacterium, has been found in industrial wastewater-treating biofilms (Satoh et al. ) .
The sequences related to Porphyrobacter were present only in clone library CBW. Porphyrobacter is also a photosynthetic bacterium (Rainey et al. ) . The sequences related to cyanobacteria (Chroococcidiopsis, Pleurocapsa and Leptolyngbya) were found in clone libraries CFL and CBW.
Marked differences between the microbial community structure of biofilm and water have been found in a simulated water distribution system, and disinfection treatments might influence the bacterial community (Domingo et al. ) . Because bacterial exopolysaccharides enwrap bacterial cells in biofilm, and high density microbial aggregates form in the inner part of biofilms, biocides have less effectiveness against biofilm bacteria than planktonic bacteria (Ceyhan & Ozdemir ) . This might lead to the higher species richness of bacteria in biofilm than that of the free-living bacteria in cooling water. The experiments in the pilot-scale cooling towers indicate that adhesion of bacteria on solid surfaces plays important roles in the bacterial community of biofilm, and the greater ability of Flavobacterium to adhere to surfaces protects it from disinfection and causes it to be dominant in biofilm (Liu et al. , ) . We speculate that both biocide treatment and bacterial adhesion might be involved in the causes leading to the difference in community structure between freeliving bacteria and bacteria in biofilm in the cooling water system. DeLong et al. () reported that the community structure of aggregate-attached marine bacteria was markedly different from that of free-living bacteria. Similarly, difference in community structure between free-living bacteria and particle-attached bacteria in a cooling water system is found in this study. from the wall of a water reservoir in an industrial recirculating cooling water system were analyzed by construction of the 16S rRNA gene clone library in this study. Thirteen OTUs displaying 91-96% sequence similarity to a type strain might be novel bacterial species. A noted difference in community structure was observed among free-living bacteria, particle-attached bacteria and bacteria in biofilm. The relative species richness of the free-living bacteria in cooling water was much lower than that of particle-attached bacteria and bacteria in biofilm. The obtained data in this study would help to understand bacterial communities causing the biofouling. To control microbial fouling in industrial recirculating cooling water systems, additional physiological and ecological studies of these species will be essential.
